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‘‘Capsule’’: A regionalised European box model is described, parameterised and tested for Lindane.
Abstract

A regionally segmented multimedia fate model for the European continent is described together with an illustrative steady-state
case study examining the fate of g-HCH (lindane) based on 1998 emission data. The study builds on the regionally segmented
BETR North America model structure and describes the regional segmentation and parameterisation for Europe. The European

continent is described by a 5��5� grid, leading to 50 regions together with four perimetric boxes representing regions buffering
the European environment. Each zone comprises seven compartments including; upper and lower atmosphere, soil, vegetation,
fresh water and sediment and coastal water. Inter-regions flows of air and water are described, exploiting information originating
from GIS databases and other georeferenced data. The model is primarily designed to describe the fate of Persistent Organic

Pollutants (POPs) within the European environment by examining chemical partitioning and degradation in each region, and
inter-region transport either under steady-state conditions or fully dynamically. A test case scenario is presented which examines
the fate of estimated spatially resolved atmospheric emissions of lindane throughout Europe within the lower atmosphere and

surface soil compartments. In accordance with the predominant wind direction in Europe, the model predicts high concentrations
close to the major sources as well as towards Central and Northeast regions. Elevated soil concentrations in Scandinavian soils
provide further evidence of the potential of increased scavenging by forests and subsequent accumulation by organic-rich terres-

trial surfaces. Initial model predictions have revealed a factor of 5–10 underestimation of lindane concentrations in the atmo-
sphere. This is explained by an underestimation of source strength and/or an underestimation of European background levels.
The model presented can further be used to predict deposition fluxes and chemical inventories, and it can also be adapted to
provide characteristic travel distances and overall environmental persistence, which can be compared with other long-range

transport prediction methods.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The fate and behaviour of persistent organic pollu-
tants (POPs) in the environment has attracted consider-
able scientific and political interest, arising from
concern over human exposure to these chemicals, and
their discovery in areas far from source regions. The
ability of certain POPs to undergo long-range atmo-
spheric transport (LRAT) has resulted in the negotia-
tion of protocols for their reduction or elimination, to
reduce the risks to regional and global environments
(http://www.unece.org/env/lrtap). The assessment of
candidate POP chemicals for future addition to these
protocols is based on an assessment of a number of cri-
teria, for example, atmospheric half life, aquatic bio-
concentration and presence of chemical in remote
locations. These factors are inter-linked within a multi-
media environment and the interactions between pro-
cesses needs to be fully understood. For example, a
chemical may have a high potential for aquatic food
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chain bioaccumulation, but if emitted to soil may
remain there owing to its high affinity for soil organic
matter. As a result, the development of predictive mod-
els can assist our understanding of chemical fate and
behaviour in a multimedia environment. Ideally these
models support the development of a thorough under-
standing of the release of a contaminant (both quantity
and emission route), its migration pathways through the
multimedia environment, the dynamics of inter-com-
partmental exchange and its ultimate fate. Frequently,
there are gaps in the information that is available for
chemicals and models are used to assess whether identi-
fied sources can account for observed contaminant
levels in the environment and to identify key pathways
and processes based on a knowledge of physicochemical
parameters and emission estimates.
An important part of the evaluation of potential POP

compounds is the assessment of their potential to
undergo long-range transport from source regions.
Transport in air is generally the most important
mechanism, but water borne transport can be significant
for some chemicals. A range of model approaches has
been developed to provide an assessment of chemicals’
potential for LRT. These models provide rankings of
transport potential for chemicals using a characteristic
distance they are likely to travel or a measure of the
fraction of the global environment they are likely to
affect. For example, most predictive models indicate
that HCB has a very high potential for LRAT, whereas
B(a)P is unlikely to be transported appreciable distances
(Fellin et al., 1996). The model results for relatively
well-characterised chemicals are supported by measure-
ments/observations and expert judgement, and enable
‘new’ compounds examined using models to be placed
in context.
Generic multimedia models are used to provide an

assessment of LRT potential in a standardised environ-
ment and are useful for screening-level LRAT assess-
ments (Bennett et al., 1998; Beyer et al., 2000;
Scheringer et al., 2000). Global and/or hemispheric
models have also been developed using highly simplified
descriptions of environmental conditions (Van de
Meent, 1993; Wania and Mackay, 1995; Scheringer et
al., 2000). However, there is clearly a need to con-
currently develop models with region specific para-
meterisation (e.g. MacLeod et al., 2001) that can be
directly evaluated against environmental monitoring
data, given sufficient information about contaminant
sources. Region specific models provide information on
chemical fate and behaviour with a more realistic
description of the environment, and can also provide
estimates of LRAT. Such models can include region
specific deposition parameters (e.g. snow and ice
scavenging), regional variations in temperature driven
processes, and spatially variable descriptions of emis-
sions and environmental compartment properties.
A regionally segmented model, BETR North Amer-
ica, has recently been developed for North America that
describes the continent as 24 watershed-based, linked
regional environments (MacLeod et al., 2001; Woodfine
et al., 2001). The present study builds on the BETR
North America model structure and describes a regional
segmentation and parameterisation for Europe. There is
considerable incentive to develop such a model for the
European continent; Europe is (and has been) a major
global source area of POPs and reasonably sophisti-
cated source inventory data are available. Given the
complex political and economic state of the region,
there is an incentive for a model that can be used as a
tool to support management decisions. This paper pre-
sents details of the adaptation and restructuring of the
BETR North America model to describe the European
continent, along with a preliminary case study for g-
hexachlorocyclohexane (g-HCH or lindane). The
potential use of a continental-scale model for regulatory
purposes is discussed, particularly for the UNECE
POPs protocol.
2. Model segmentation and parameterisation

The European continent is described in the model by
a 50 cell grid (5��5�), together with four perimetric
boxes representing the Atlantic, Mediterranean, Eur-
asian and Arctic ‘‘buffer zones’’ around Europe that
directly impact (or are impacted by) contaminant levels
in the European environment. Each grid represents an
area of approximately 500�500 km, with the whole grid
covering an area from 38.7� N to 61.1� N latitude and
�10.1� to 39.4� longitude. Fig. 1 shows the model seg-
mentation which covers a total area of 14 million km2.
The selection of the spatial scale and boundaries of

regions in a geographically explicit model for POPs
requires balancing several factors. Owing to their semi-
volatile and persistent nature, many POP chemicals
have been shown to travel distances in excess of 500 km.
The atmospheric half-life criterion for consideration for
inclusion on the UNECE POPs protocol list is 2 days.
Assuming a mean wind speed of 3 m s�1, this could
result in a travel distance in excess of 520 km which
would facilitate exchange between neighbouring grid
cells. Further, the atmospheric residence time in each
grid cell is approximately 28 h, which provides sufficient
time for reaction and deposition processes to occur
before advection flushes the atmospheric compartment.
The gridded approach was also chosen to facilitate the
input of atmospheric transport data from global circu-
lation prediction models and is consistent with our
emphasis on assessing long-range atmospheric trans-
port. For the purposes of this study data from the Eur-
opean Centre for Medium-Range Weather Forecasts
(ECMWF) global circulation model has been used,
252 K. Prevedouros et al. / Environmental Pollution 128 (2004) 251–261



which divides the atmosphere into a series of layers of
equal atmospheric pressure and provides wind velo-
cities, humidity and temperature on a gridded basis. The
BETR North America segmentation, in comparison, is
determined by water drainage basins, in order to mini-
mise the water flow between adjacent regions (Woodfine
et al., 2001).
The gridded segmentation adopted for the European

model allowed the most consistent adaptation of the
ECMWF data to the multimedia framework. The
drawback of this approach relative to segmentation
based on watershed boundaries is that parameterisation
of the flow-patterns of surface water within the con-
tinent is much more difficult. Gridded segmentation still
allows assessment of atmospheric deposition to surface
waters, which may be of particular concern in remote
areas such as parts of Scandinavia.
The bulk of the model domain (represented by the 50

grid cells) describes a surface area of 14 million km2,
40% of which is covered by sea and only 1.2% by
freshwater (rivers and lakes). The major sea bodies are
the North, Baltic and Black Seas as well as a large part
of the Mediterranean. Only 0.4% of the total land area
is defined as urban. In order to transform the three-
dimensional space occupied by Europe into a two-
dimensional map, all landcover and environmental data
was projected using a polar stereographic projection.
This starts from the North Pole and preserves the shape
of its segments, creating an increasing distortion of the
surface area with distance from the centre of the pro-
jection. Thus, the area of individual regions in the 5�5
degree grid range between 2 and 3 105 km2. In order to
address the issue of the degree of spatial resolution
required in continental-scale models, investigations were
carried out to ascertain whether a given chemical is
likely to spend enough time in each model segment to
allow reactions and other processes such as deposition
to occur. Assuming a constant wind speed of 3 m s�1

produces an atmospheric advective residence time of
around 24–48 h depending on the size of the region.
This compares to vegetation deposition half times ran-
ging from 26 to 58 h and deposition half-times to seas/
coastal waters of between 22 and 38 h for g-HCH. A
higher degree of spatial resolution is therefore deemed
unnecessary and will only increase the model complex-
ity. Furthermore, it is likely that only a small fraction of
the most persistent compounds emitted in Europe will
react/degrade within the borders of Europe; Hexa-
chlorobenzene, a-HCH and PCP are typical examples of
such chemicals with extremely high characteristic travel
distances (CTD) (Fellin et al., 1996; Wania and
Mackay, 1999; Beyer et al., 2003).
The air and water flow connections between the 54

regions is specified using 54�54 spreadsheet matrices,
Fig. 1. Europe regional segmentation showing 50 inner cells and four perimetric zones. Area 51 represents the Arctic region.
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with a 55th region representing an area outside the
model region to ensure an air mass balance. Matrices
for upper and lower air, fresh and coastal water and
water runoff define the flows between adjacent regions,
as well as within each individual model segment. This
data was gathered by exploiting information originat-
ing from Arc Info/View databases and other georefer-
enced data. The lower air matrix, see Fig. 2, shows the
flow rates of air (m3 h�1) leaving region I and entering
region J. The following section provides information
on the parameterisation and compilation of the flow
balances, together with the selected environmental
datasets.

2.1. Air flow

Starting from the centre of each region, one-day for-
ward trajectories were calculated using the British
Atmospheric Data Centre ECMWF trajectory service
(http://badc.nerc.ac.uk/data/ecmwf-trj/). The trajec-
tories were calculated using 6-hourly operational ana-
lyses of the three components of the wind and surface
pressure, which were then interpolated on to a
1.5��1.5� grid. The data was linearly interpolated in
time and space. The output data from the trajectories
consisted of latitude, longitude and pressure of the tra-
jectory every 30 min. Air was allowed to move freely to
all other regions within the two atmospheric heights of
500 and 2000 m above sea level. The endpoints of those
trajectories were then computed, producing an average
wind rose for all the model segments for the period of
study (1997–2001). The wind roses were then converted
into a connectivity flux matrix for each atmospheric
height, using a matrix technique described by Woodfine
et al. (2001). Fig. 3 presents the average 5-year wind
rose of model region 19 (northwest UK), which shows
the predominance of southwesterly winds.
The gridded approach to the model structure requires

that the flow of fresh water through rivers is calculated
at each interface between adjacent cells. This also
applies to the movement of coastal water and currents
in the oceans/seas. Although there is a network of gau-
ging stations along most of the major river systems, they
are of course not located at the precise intersections of
the grid. Consequently, the water flow was estimated for
each river system and its associated stations taking into
account the proximity of the gauging station to the
borderline and its elevation. Two datasets were used to
quantify the water movement between adjacent regions
as well as the water running off at each region’s oceanic
compartment (if any). Freshwater bodies were assumed
to have an average depth of 20 m. The data used for the
fresh water balance were extracted from:

1. A database of monthly averaged European river

discharge measurements from 160 gauging sta-
tions derived from UNESCO archives. The per-
iod covered by each dataset varied from station
to station. These data were checked against
information obtained from the Global Runoff
Centre in Kobletz (Germany) and through the
US National Geophysical Data Centre in
Boulder, Colorado (Vorosmarty et al., 1998).

2. The FRIEND European Water Archive Project

with data from more than 5000 stations provid-
ing gauged daily flows, catchment areas and site
elevations, with participation from more than 30
European countries. For the purposes of this
study only stations with catchment areas greater
than 5000 km2 were selected, resulting in another
Fig. 2. Part of the 54�54 lower air flow matrix-flows from region i to j m3 h�1.
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160 stations. These data were provided by UK
Centre for Ecology and Hydrology (CEH).

In order to close the water mass balance for each
region an evaporation/transpiration rate was calculated
for each cell using the following equation:

Evap:=Transp: rate m3 year�1
� �

¼ Net discharge m3 year�1
� �

� Precipitation m3 year�1
� �

ð1Þ

where,

Net discharge ¼ Water outflow from a region

�Water inflow into the region
ð2Þ

Fig. 4 illustrates the water balance for region 16 (Den-
mark) and compares riverine inputs into coastal waters,
input from precipitation and coastal water residence
time.
Coastal water exchange between neighbouring cells

(where appropriate) has been calculated using the
coastline length between adjacent oceanic regions, the
average depth of each oceanic region (determined by
using world bathymetry data, Smith and Sandwell,
1997) and mean current flow and direction using World
Data File-Drifter data (Hansen and Poulain, 1996). An
opposite flow equivalent to 10% to the dominant flow
has also been included to account for seasonal changes
in the movement of oceanic water.

2.2. Precipitation

Monthly averaged global climate data from the
International Institute for Applied System Analyses
(IIASA; Laxenburg, Austria) which includes precipita-
tion and temperature data were used in the model
(Leemans and Cramer, 1991). The dataset uses stan-
dardised climate records from up to eight different
sources, interpolated and smoothed to fit a one-half
degree latitude/longitude terrestrial grid surface. These
data were incorporated into the model by averaging the
data over each grid.

2.3. Runoff water

In the context of this model this parameter refers to
the volume of the water within a particular region that
runs off to its own coastal water compartment per unit
time. Again, the data were extracted from the two
datasets used for freshwater flow calculations.

2.4. Vegetation and land cover

The land cover description of the model classifies for-
ests, agriculture, horticulture and grassland into a single
generic vegetation compartment in order to retain sim-
plicity. The current parameterisation of the generic
vegetation has been adapted from Cousins and Mackay
(2001). Chemicals can be deposited onto vegetation
surfaces via diffusion, wet and dry deposition, rain dis-
solution, as well as root uptake from soil. Runoff from
the leaf surface, litterfall and volatilisation can re-
mobilise the previously deposited chemicals. In the
absence of measured data for most POP chemicals, the
degradation half-life within vegetation has been
assumed to be the same as in the atmosphere. However,
there is some evidence that this may overestimate the
importance of this loss processes.
Information on vegetation and other land features,

together with the organic carbon content of European
soils, was extracted from the European Land Cover
map developed by the Stockholm Environment Insti-
tute, based at York University in the UK. The dataset
provides geo-referenced information on 15 regions cov-
ering most of the European continent. In order to
incorporate these data into the model each region had
to be projected and statistically assessed to provide
summary data for the 54-region model design. Land
cover data for Turkey were not included in this dataset
so parameterisation for regions 48–50 (see Fig. 1) was
extrapolated based on the properties of neighbouring
regions.
3. Model structure

MacLeod et al. (2001) and Woodfine et al. (2001)
describe the compartmental structure, advective and
reactive processes and regional links of the BETR
North America (NA) model. The approaches used in
the construction of the European model were similar. If
Fig. 3. Average 1997–2001 wind rose for Northwest UK.
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further details of the compartmental construction are
required the reader is directed to MacLeod et al. (2001)
and Woodfine et al. (2001). The fate of POPs within the
European model is described by seven mass balance
equations for each region, resulting in 378 equations for
all 54 grids. The steady state equations are summarised
in Table 1, in both linear algebra and matrix algebra
formats. The system of seven equations and the seven
unknown fugacities can be solved analytically using
either linear or matrix algebra, for which a Gauss elim-
ination algorithm was used (MTEC, 2000). In the first
iteration of the model, the analytical solutions to the
steady-state regional mass balance equations yield com-
partmental fugacities in all regions due to local sources
of contaminant only. The total emission rate to the four
compartments that receive advective transfers from
other regions are then calculated, and a new steady-state
solution is determined. The steady-state solution for the
linked set of regional models is approached by iteration
until compartmental fugacity in all of the compartments
does not change from its value in the previous iteration
by more than 1 part in 1E+15, which is consistent with
the expected rounding error for the calculations. The
linear algebra and matrix algebra solution methods
yield the same solutions to a high precision, and thus
serve as verification that the steady-state model is solved
without errors.
The model can also be run under dynamic conditions

which can be used to simulate changing emission sce-
narios. Historical emissions of POP compounds typi-
cally follow distinct release patterns. For example
widespread production and subsequent release of PCBs
throughout the 1950s and 1960 was followed by a rapid
reduction in production through the 1970/1980s. This
type of emission pattern is common for many chemicals
of commerce and can be simulated using the dynamic
version of the model. This introduces added para-
meterisation and the associated uncertainties, but
potentially yields a more realistic description of com-
pound environmental fate.
The following section describes a case study which

uses the steady state solution and provides an illustra-
tion of the potential use of the European model.
4. Lindane as a case study

g-HCH or lindane was selected as a case-study chem-
ical to test the continental atmospheric transport algo-
rithms and to evaluate the model against available
measurement data for the year of 1998. It is emphasised
that this is an illustrative example of how the model
might be applied to describe the continental-scale
dynamics of persistent chemicals. This example uses the
model’s steady-state description of the processes gov-
erning the fate of lindane. A fully dynamic emission
inventory coupled with dynamic model runs is likely to
provide a better indication of the predictive capabilities
of the model, and model calculations of this type are
planned for the future. Lindane was selected for this
steady-state evaluation partly due to its extensive and
long-term environmental monitoring, its relatively well-
documented emission estimates and its spatially con-
fined emission sources. It is also included on the
Fig. 4. Water flows for region 16.
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UNECE POPs protocol list of chemicals that are con-
sidered to undergo LRAT and exhibit high overall
environmental persistence, based on measurement data
documenting its ubiquity in the environment.
Lindane has been extensively used worldwide as an

agricultural insecticide (Li et al., 1998), with most of the
European countries having banned or severely restricted
its use since the mid-1990s. European estimates suggest
that as much as 135,000 tonnes was applied over the
period 1970–1996 (Breivik et al., 1999); with the major
emissions originating from France, Spain and the
Netherlands. Breivik and co-workers estimated that
approximately 650 tonnes/year were still being emitted
in 1998 and have also calculated the contribution of
each European country. For the purposes of this illus-
tration, lindane emission estimates for 1998 have been
used and integrated into the model’s regional structure,
as presented in Fig. 5. For the purposes of this initial
evaluation of the performance of the model, all emis-
sions were assumed to be to the lower atmosphere
compartment of the model.
In addition to the direct application of lindane there

may also have been diffuse emission sources such as
from disused chemical factories or/and emissions from
dumps (Manz et al., 2001) revolatilisation from soils
and other lindane-treated surfaces, as well as significant
amounts ‘‘imported’’ into the European environment
from the West and East. For this reason, two types of
model runs have been considered. The first assumes no
background lindane concentration in any of the envir-
onmental compartments under consideration. In this
way, the atmospheric transport of the selected chemical
can be tested under the current model parameterisation.
The second evaluated scenario applies an estimated
background concentration to simulate advection into
Europe. The ambient air levels can, thus, be supported
and the predicted spatial distribution of atmospheric
lindane concentrations may better resemble the dis-
tribution obtained by various sampling campaigns.
Steady-state concentrations for both scenarios in air
and other environmental media have been predicted and
compared to measured data from the same time period
(1998). As a result, both the validity of the existing
emission inventories (inherently uncertain in nature)
and, to a lesser degree, the performance of the model
can be tested. Furthermore, compartmental distribu-
tions, deposition fluxes and chemical inventories have
been predicted. The model can also be adapted to
provide CTDs and overall environmental persistence of
g-HCH, which can then be compared to other LRAT-
predictive models. It should be emphasised that the
model described herein is only at its initial testing stage
and results should be treated with caution. In addition,
while the model predicts average regional lindane con-
centrations monitoring data from only one station in
some of the segments was taken into account, making
direct comparisons between the model and data
difficult.
Table 1

Model mass balance equations
Steady-state mass balance equations
(1) Upper air f(1) DT(1)=E(1)+f(2) D(2,1)
(2) Lower air f(2) DT(2)=E(2)+f(1) D(2,1)+f(3) D(3,2)+f(4) D(4,2)+f(5) D(5,2)+f(6) D(6,2)
(3) Vegetarian f(3) DT(3)=E(3)+f(1) D(1,3)+f(2) D(2,3)+f(6) D(6,3)
(4) Fresh water f(4) DT(4)=E(4)+f(1) D(1,4)+f(2) D(2,4)+f(6) D(6,4)+f(7) D(7,4)
(5) Coastal water f(5) DT(5)=E(5)+f(1) D(1,5)+s(2) D(2,5)+f(4) D(4,5)
(6) Soil f(6) DT(6)=E(6)+f(1) D(1,6)+f(2) D(2,6)+f(3) D(3,6)
(7) Sediment f(7) DT(7)=E(7)+f(4) D(4,7)
Matrix algebra format
f(1)
 f(2)
 f(3)
 f(4)
 f(5)
 f(6)
 f(7)
 RHS
DT(1)
 –D(2,1)
 –D(3,1)
 –D(4,1)
 –D(5,1)
 –D(6,1)
 –D(7,1)
 E(1)
–D(1,2)
 DT(2)
 –D(3,2)
 –D(4,2)
 –D(5,2)
 –D(6,2)
 –D(7,2)
 E(2)
–D(1,3)
 –D(2,3)
 DT(3)
 –D(4,3)
 –D(5,3)
 –D(6,3)
 –D(7,3)
 E(3)
–D(1,4)
 –D(2,4)
 –D(3,4)
 DT(4)
 –D(5,4)
 –D(6,4)
 –D(7,4)
 E(4)
–D(1,5)
 –D(2,5)
 –D(3,5)
 –D(4,5)
 DT(5)
 –D(6,5)
 –D(7,5)
 E(5)
–D(1,6)
 –D(2,6)
 –D(3,6)
 –D(4,6)
 –D(5,6)
 DT(6)
 –D(7,6)
 E(6)
–D(1,7)
 –D(2,7)
 –D(3,7)
 –D(4,7)
 –D(5,7)
 –D(6,7)
 DT(7)
 E(7)
f(x), fugacity of chemical in compartment x, Pa; E(x), emission rate to compartment x, mol/h; V(x), volume of compartment x, m3; and Z(x),

fugacity capacity of compartment x, mol/m3ffiPa.
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5. Case study results and discussion

Predicted steady-state concentrations for each of the
seven environmental compartments were calculated,
with the lindane distribution in the lower air and soil
compartments presented in Fig. 6a and b. Fig. 6a
reveals, as expected, that the highest lower-air con-
centrations are the ones closest to the major emission
source regions of France and Spain. The emission esti-
mates used in this scenario support concentrations as
high as 23 pg m�3 with an estimated spatial variability
of up to 2 orders of magnitude. Fig. 6a also presents
relatively high concentrations towards the Central and
Northeast Europe, an observation that agrees with the
calculated wind roses and the predominant West-North
West wind direction in Europe. The lowest concentra-
tions are found in Southeast and Northwest Europe.
These findings suggest that the current model descrip-
tion of the atmospheric transport of POPs produces
realistic results and can provide the basis for further
testing scenarios.
A slightly different pattern emerges in the case of the

soil concentration/distribution (Fig. 6b). In this case,
lindane is transported through air and water and is
mainly deposited in the immediate vicinity of the major
emission regions. High concentrations are, therefore,
found in soils west and east of France. Another feature
in Fig. 6b is the increased concentrations (through
atmospheric deposition) in Scandinavian and other
Northern European soils. This is attributed to the
organic-rich terrestrial surfaces underlying these heavily
forested regions that have a high capacity for sorption
of mainly gaseous-phase POPs from the atmosphere.
Previous studies (McLachlan and Horstmann, 1998;
Wania and McLachlan, 2001) have also highlighted the
influence of forests on increasing the net atmospheric
deposition to the terrestrial environment. The lowest
soil concentrations are, again, found in the South and
East. A factor of 100 difference in soil concentrations
was evident, with a maximum of 15 pg g�1 in the grid
representing Belgium, the Netherlands and Northeast
France. Since no background concentrations or histor-
ical release trends were taken into account, the actual
concentration values for all compartments are likely to
be underestimated.
A mean value of 50 pg m�3 was used as an initial/

background air concentration throughout Europe in
order to reduce the spatial variability and compare
model predicted concentrations to measured data. The
model predictions using the background concentration
data are shown in Fig. 7. The results show rapid
‘‘depletion’’ of the concentrations with distance from
source due to the advection, degradation and other
processes together with an average factor of 5 under-
estimation of air concentrations. This would suggest
that either one (or both) of the following may be
occurring:

(a) The selected initial concentration is too small to

support the measured ambient air levels, or/and

(b) The source term is underestimated, for example,

diffusive sources are not currently considered.
Fig. 5. 1998 lindane emissions (kg).
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The output also reveals a similar picture to Fig. 6a,
with the possible exception of higher concentrations
towards the east. A greater influence from the local
emission sources, together with the selected background
value of 50 pg m�3 which sustains elevated ambient air
levels, are the main reasons for these trends. They are
also responsible for the much smaller spatial variability,
which reduces to one order of magnitude (2.6–26 pg
m�3). This finding supports the well-documented trans-
port potential of g-HCH (Beyer et al., 2003). Table 2
presents the predicted lower air concentrations for
selected ‘‘inner’’ European model regions, geo-
graphically relevant measurement data for 1998 and the
location of the station and its reference. In general
measured and predicted concentrations fall within one
order of magnitude at most sites.
Fig. 6. (a) Lower air distribution (pg m�3) (b) soil distribution (pg g�1).
K. Prevedouros et al. / Environmental Pollution 128 (2004) 251–261 259



Van Jaarsveld et al. (1997) have also modelled the
atmospheric transport and deposition of lindane on a
European scale, using a Lagrangian-type model and
emission inventories for 1990. Their results are very
similar to the model output presented here, with an
underestimation of atmospheric lindane steady-state
concentrations. They concluded that the under predic-
tion was likely to have resulted from inaccuracies in the
emission inventory. High deposition of lindane to sea
bodies emphasised the role of seas as buffers for lindane,
whilst re-emission to the atmosphere only appeared to
occur under very low ambient atmospheric concentra-
tions. The transport potential of lindane outside the
continent was also highlighted. LRAT is predicted to be
of primary importance following the predominant wind
direction i.e. West–East. According to the model results,
the Arctic is likely to be the recipient of long-range lin-
dane transport primarily via oceanic transport. Atmo-
spheric concentrations of lindane in the ‘‘Arctic Box’’
air are relatively low, suggesting that the transport
potential via the atmosphere from continental Europe is
likely to be minimal. Modelling the global fate of a-
HCH, Wania and Mackay (1999) also highlighted the
small advective inflow into the Arctic environment via
atmospheric transport.
6. Future model improvements and concluding remarks

A linked European scale multimedia model has been
developed which describes the fate and behaviour of
POPs under steady-state or dynamic conditions. Results
for a steady-state solution for lindane have been pre-
sented which illustrate the apparent success of the re-
Fig. 7. Lindane lower air concentration with background (pg m�3).
Table 2

Predicted and measured lower air concentrations
Region no.
 Region
 Lower air (pg/m3)
 Measured (pg/m3)
 Reference
4
 W Norway
 3.88
 60; 6.7
 UNEP, 2002; Lakaschus et al., 2002
6
 E Sweden
 5.01
 25
 Brorström-Lundéna
7
 W Finland
 4.79
 10.4
 Brorström-Lundéna
16
 Denmark
 4.94
 25; 69, 11
 UNEP, 2002; Lakaschus et al., 2002
19
 Scotland
 4.32
 30
 Lakaschus et al., 2002
26
 Poland Ch
 6.57
 57
 Holoubeka
39
 N Spain
 6.23
 5.8
 Lakaschus et al., 2002
41
 S Portugal
 4.00
 7
 Lakaschus et al., 2002
51
 Arctic
 5.12
 8; 4.9
 UNEP, 2002; Lakaschus et al., 2002
a Personal communication.
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parameterisation process. Future efforts will be directed
towards dynamic runs, utilising fully dynamic emission
patterns. It is anticipated that future improvements of
the model include in a more sophisticated para-
meterisation of the vegetation compartment and further
investigations into model parameter sensitivity. The
model is intended to provide a more environmentally
realistic representation of fate and behaviour of POP
chemicals within Europe with particular emphasis on
transport processes. Models such as these can provide
useful information identifying key processes and potential
sinks, predictions of long-range transport and ultimately
aid policy decisions by providing information on the
potential impact of proposed source reduction strategies.
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